Introduction
Ras, a member of small GTP-binding protein (G protein) superfamily, is an essential component in the transduction of extracellular signals that induce proliferation and dierentiation (Barbacid, 1987; Lowy and Willumsen, 1993) . Evidence has been accumulated that Ras exerts its functions through multiple eector proteins. These include Raf (Egan and Weinberg, 1993) , phosphatidylinositol-3-OH-kinase (Rodriguez-Viciana et al., 1994 , Rin1 (Han and Colicelli, 1995) , stress activated protein (SAP) kinase (Adler et al., 1995) , mitogenactivated protein (MAP) kinase kinase kinase (Russell et al., 1995) , and AF-6 (Kuriyama et al., 1996) . It has been also reported that Rho, Rac and CDC42 act downstream of Ras (Khosravi-Far et al., 1995; Qiu et al., 1995) . Furthermore, it has been shown that MAP kinase activation through Raf and membrane ruing through Rac represent distinct Ras eector pathways and that the signals from both pathways are necessary for cellular proliferation by Ras (Qiu et al., 1995; Joneson et al., 1996) . These results suggest that the Ras eector pathways cooperate to exert the functions of Ras.
Three groups including us have found that RalGDP dissociation stimulator (RalGDS) family members (RalGDS and RalGDS like (RGL)) are the putative eector proteins of Ras (Hofer et al., 1994; Kikuchi et al., 1994; Spaargaren and Bischo, 1994) . It has been recently reported that RalGDS like factor (Rlf), a new member of RalGDS family, is also a putative eector protein of Ras (Wolthuis et al., 1996) . We have demonstrated that protein kinase A and Rap1 are important for selectively regulating the signal from Ras to either Raf or RalGDS (Ikeda et al., 1995; Kikuchi and Williams, 1996) . We have also shown that the Cterminal region of RGL binds to the eector loop of Ras and that this domain reverses Ras-induced transformation in NIH3T3 cells and inhibits Rasdependent Xenopus oocyte maturation Okazaki et al., 1996) . These results indicate that RalGDS acts downstream of Ras. Since RalGDS stimulates the GDP/GTP exchange of Ral which is a member of small G protein superfamily (Albright et al., 1993) , a part of the signals from RalGDS would be transmitted to Ral. Indeed, RalGDS has been shown to stimulate the GDP/GTP exchange of Ral in a Rasdependent manner in intact cells (Urano et al., 1996) . We have demonstrated that the post-translational modi®cation of Ras is important for the translocation of RalGDS from the cytosol to the membrane and that the modi®cation of Ral enhances the action of RalGDS to stimulate the GDP/GTP exchange of Ral . Thus, RalGDS provides a potential link between Ras and Ral. However, it is not known whether or not RalGDS has additional activities.
Although the functions of Ral have long remained elusive, it has been shown that Ral is required for Srcand Ras-dependent activation of phospholipase D (Jiang et al., 1995) . Furthermore, it has been recently reported that Ral is involved in Ras-dependent transformation in NIH3T3 cells and that this small G protein regulates the initiation of border cell migration in Drosophila oogenesis (Urano et al., 1996; Lee et al., 1996) . Thus, evidence has been accumulated that Ral is an important small G protein in the signal transduction system. In this study we have examined whether RalGDS and Ral are involved in the Ras-dependent gene expression and whether they cooperate with other eector pathways of Ras. Here we show that RalGDS and Ral regulate c-fos promoter activity. Furthermore, we demonstrate that the RalGDS pathway synergizes with the Raf but not with the Rac pathway to activate cfos promoter and suggest that the activity of RalGDS to activate c-fos promoter may not require Ral activation.
Results

Interaction of RalGDS with Ras eector loop mutants
Experiments using the eector loop mutants of Ras have demonstrated that Ras interacts with diverse eector proteins in the same cells (White et al., 1995; Akasaka et al., 1996; Joneson et al., 1996) . Ras G12V/T35S (in which Gly-12 and Thr-35 were changed to Val and Ser, respectively) binds to and activates Raf, and Ras G12V/E37G interacts with yeast byr2 and adenylyl cyclase (White et al., 1995; Akasaka et al., 1996) . Ras G12V/Y40C activates Rac, although the protein interacting with this Ras mutant is not known (Joneson et al., 1996) . Ras G12V/E37G has been suggested to associate with the unknown mammalian eector protein, since this mutant cooperates with Ras G12V/T35S to induce cellular transformation (White et al., 1995) . First we examined whether RalGDS interacted with these Ras eector loop mutants. RalGDS was coexpressed with Ras eector loop mutants in COS cells ( Figure 1A ). RalGDS was tagged with the hemagglutinin (HA) epitope at its N-terminus. Since endogenous Raf was expressed well, Raf was not ectopically transfected ( Figure 1A ). When the proteins of the lysates coexpressing RalGDS and Ras G12V were immunoprecipitated with the anti-Ras antibody, RalGDS and Raf were precipitated with Ras Figure  1B , lanes 1 and 6). These results suggest that RalGDS constitutes a signaling pathway of Ras which is distinct from the Raf and Rac pathways.
Synergistic activation of c-fos promoter by Raf and RalGDS
It has been reported that the Raf/MAP kinase and Rac pathways synergize to induce focus formation in Rat1 cells and DNA synthesis in REF52 cells (Qiu et al., 1995; Joneson et al., 1996) . Next we examined the eects of the RalGDS, Raf/MAP kinase, and Rac pathways on gene expression. A fusion gene containing the c-fos 5'¯anking sequence ligated to the coding sequence of the luciferase gene was used as a reporter of transcriptional activity of the c-fos promoter (c-fos luciferase). RafCAAX is an active Raf kinase targeted to the plasma membranes by virtue of the addition of a C-terminal localization signal from K-Ras (Leevers et al., 1994; Stokoe et al., 1994) . RafSAAX, in which the cysteine residue of CAAX box is changed to serine to prevent farnesylation, is a control protein (Leevers et al., 1994) . As expected, cotransfection of RafCAAX and Rac 
Eect of Ral on c-fos promoter activity
It is known that RalGDS stimulates the GDP/GTP exchange of Ral (Albright et al., 1993; Urano et al., 1996) . We examined whether Ral substituted for the action of RalGDS. Transfection of Ral
G23V
, an activated Ral, into NIH3T3 cells stimulated c-fosluciferase expression in a dose-dependent manner, but that of wild type Ral did not ( Figure 4A ). Unlike RalGDS, Ral G23V did not act to stimulate c-fosluciferase expression synergistically with RafCAAX ( Figure 2) . Furthermore, Ral G23V did not cooperate with Rac G12V or RalGDS, either (Figure 2 ). However, cotransfection of Ral G23V and Ras
G12V
, an activated Ras, enhanced Ras G12V -dependent c-fos-luciferase expression ( Figure 4B ). These results suggest that the signal from RalGDS to activate gene expression is not necessary to be transmitted to Ral but that Ral is involved in Rasdependent gene expression.
Eect of Ral
G23V and RalGDS on MAP kinase activation MAP kinase acts downstream of Ras in a signaling cascade that contributes to Ras-induced c-fos promoter activation (Treisman, 1995) . Finally, we examined whether Ral and RalGDS were involved in the activation of MAP kinase. MAP kinase was coexpressed with Ral G23V or RalGDS in COS cells ( Figure  5A ). MAP kinase, Ral
G23V
, and RalGDS were tagged with the HA epitope at their N-terminus. Additional expression of Ras G12V did not aect the expression levels of MAP kinase, Ral G23V , or RalGDS ( Figure 5A ). Ral G23V neither activated MAP kinase nor enhanced MAP kinase activity stimulated by Ras G12V ( Figure 5B ). Futhermore, RalGDS neither stimulated basal MAP kinase activity nor enhanced Ras G12V -dependent MAP kinase activity ( Figure 5B ).
Discussion
Recent biochemical and biological evidence has implicated a second Ras-mediated signaling pathway which is distinct from the Raf/MAP kinase pathway and involves Rho family members, Rho, Rac, and CDC42 (Khosravi-Far et al., 1995; Qiu et al., 1995; Joneson et al., 1996) . It has been also demonstrated that Ras G12V/T35S and Ras G12V/Y40C activate Raf and Rac, respectively, and that these Ras eector loop mutants cooperate to promote DNA synthesis in REF52 cells (Joneson et al., 1996) . Consistent with these observations, we have shown that RafCAAX and Rac
G12V
, at plasmid concentrations that stimulate slightly c-fos- luciferase expression when transfected individually, cooperate to cause a remarkable increase in c-fos promoter activity. Ras G12V/T35S and Ras G12V/E37G have been demonstrated to synergistically induce transformation in NIH3T3 cells (White et al., 1995 . Our results are consistent with these results. Taken together, it is concluded that Raf and RalGDS cooperate to regulate cellular functions.
It is not known how RalGDS regulates gene expression. MAP kinase is involved in Ras-dependent c-fos promoter activation (Treisman, 1995) . However, since RalGDS does not aect basal or Ras-dependent MAP kinase activity, the signal from RalGDS may converge with that from Raf at downstream of MAP kinase. Our results demonstrate that either the RalGDS or Rac pathway is sucient for activating cfos promoter synergistically with the Raf pathway. Therefore, the signals from the RalGDS and Rac pathways may converge and regulate gene expression by synergizing with the signal from the Raf pathway. Rac has been shown to activate SAP kinase and increase c-fos promoter activity through serum response factor (Coso et al., 1995; Hill et al., 1995) . It is intriguing to speculate that RalGDS modulates these Rac activities. It has been also demonstrated that the signal through serum response factor activates c-fos promoter synergistically with the signal through ternary complex factor which is activated by MAP kinase (Hill et al., 1995) . Therefore, RalGDS could activate transcription factors other than ternary complex factor. Furthermore, the result that RalGDS but not Ral G23V cooperates with RafCAAX to stimulate c-fos-luciferase expression suggests that RalGDS may transmit the signal to a molecule other than Ral to regulate c-fos promoter.
We have shown that Ral G23V activates c-fos promoter and that it also enhances Ras-dependent cfos promoter activity although Ral G23V did not show any synergism with RafCAAX, Rac G12V , or RalGDS. These results suggest that Ral and some eector protein of Ras other than Raf, Rac, or RalGDS cooperate to activate c-fos promoter. Therefore, it is possible that there is another Ras-signaling pathway to regulate gene expression synergistically with Ral. Although our results are consistent with the previous observations that an activated Ral enhances Ras- dependent phospholipase D and focus formation activities (Jiang et al., 1995; Urano et al., 1996) , how Ral exerts its action is not yet known. One possible clue to clarify Ral function is Ral binding protein 1 (RalBP1) which has been identi®ed as a Ral eector protein (Cantor et al., 1995; Jullien-Flores et al., 1995; Park and Weinberg, 1995) . RalBP1 contains a RhoGAP domain that exhibits the stimulation of GTPase activity of CDC42. CDC42 has been known to promote ®lopodia formation, activate SAP kinase, and induce c-fos promoter activity through serum response factor (Coso et al., 1995; Hill et al., 1995; Minden et al., 1995) . Furthermore, RalBP1 may have additional activities. To clarify the dierences of the mechanisms by which RalGDS and Ral regulate gene expression is important. Further studies are necessary for understanding the whole picture of the signal transduction mechanism through RalGDS and Ral.
Materials and methods
Materials and chemicals
pBJ-1, pCGN, pfos-luc (a reporter vector in which the expression of luciferase is controlled by the c-fos promoter) (Hu et al., 1995) , and the anti-HA antibody (Wilson et al., 1984) were provided by Dr Q Hu (University of California, San Francisco, CA). pCGN/MAP kinase and wild type NIH3T3 cells were provided by Drs A Klippel and H Cen, respectively (Chiron Corp., Emeryville, CA). pTac/ RalA G23V , pmt/RafCAAX and pmt/RafSAAX, pEXV/ Rac G12V , and pEF-Bos were generous gifts from Drs P Chardin (Institut de Pharmacologie Moleculaire et Cellulaire, Valbonne, France), C Marshall (Institute of Cancer Research, London, UK), A Hall (Institute of Cancer Research, London, UK) and S Nagata (Osaka University, Suita, Japan) (Mizushima and Nagata, 1990) , respectively. Other materials and chemicals were obtained from commercial sources.
Plasmid constructions
pCGN/RalGDSb was constructed as described . To construct pCGN/Ral, RalB cDNA with XbaI and BamHI site was synthesized by means of the polymerase chain reaction. This fragment was digested with XbaI and BamHI and inserted into the XbaI and BamHI cut pCGN. To construct pCGN/Ral G23V , pTac/ RalA G23V was digested with EcoRI and HindIII. This fragment was blunted with Klenow and inserted into pCGN, which was digested with BamHI and blunted with Klenow. pcDNAIAmp/Ras G12V and pcDNAIAmp/ Ras G12V/ T35S were constructed as described (Shirouzu et al., 1994; Akasaka et al., 1996) . To construct pBJ/Ras G12V and pBJ/ Ras G12V/T35S , pcDNAIAmp/Ras G12V and pcDNAIAmp/ Ras G12V/T35S
were digested with XbaI and BamHI and blunted with Klenow, then the fragments were inserted into the EcoRV cut pBJ-1. To synthesize Ras G12V/Y40C and Ras G12V/E37G , pcDNAIAmp/Ras G12V was digested with XbaI and BamHI and blunted with Klenow. The fragment was inserted into the SmaI cut pKF-19, then site-directed mutagenesis was done by the Mutan-Express Km system (TAKARA SHUZO Co., Ltd, Shiga, Japan). To construct pEF-Bos/Ras G12V/Y40C and pEF-Bos/Ras G12V/E37G , pKF-19/ Ras G12V/Y40C and pKF-19/Ras G12V/E37G were digested with KpnI and XbaI and blunted with T4 polymerase. These fragments were inserted into pEF-Bos, which was digested with XbaI and blunted with Klenow.
Luciferase assay NIH3T3 cells (in a 35 mm diameter dish) were transfected with the plasmid DNA (3 mg) containing pfos-luc (1 mg) and the indicated plasmids using Lipofectamine. After the cells were grown for 60 h in Dulbecco's modi®ed eagle medium (DMEM) containing 10% calf serum, the cells were lysed and luciferase activity was measured using the PicaGene luciferase assay system (TOYO B-NET. Co., Ltd., Tokyo, Japan) according to the manufacturer's instructions. Luciferase activity was expressed as the fold increase as compared with the level observed with empty vectors. When more than four dierent plasmids were transfected into the cells, it was dicult to normalize the transfection eciency. Therefore, the numbers of transfected plasmids were limited to three. To examine the transfection eciency, pGL2 (a reporter vector in which the expression of luciferase is controlled by SV40 promoter) was transfected as the external control.
Interaction assay of RalGDS and Ras mutants in COS cells
COS-7 cells (in a 10 cm diameter dish) were transfected with pCGN/RalGDS (10 mg) and pBJ/Ras G12V (1 mg), pBJ/ Ras G12V/T35S (4 mg), pEF-Bos/Ras G12V/Y40C (0.8 mg), or pEFBos/Ras G12V/E37G (0.8 mg) by DEAE-dextran method (Gorman, 1985) . After the cells were grown for 60 h, the cells were lysed and the proteins of the lysates were immunoprecipitated with the anti-Ras antibody (Y13-238) as described . The immunoprecipitates were probed with the anti-HA, Raf, and Ras antibodies.
MAP kinase assay
COS-7 cells (in a 35 mm diameter dish) were transfected with pCGN/MAP kinase (1 mg) and the indicated plasmids by DEAE-dextran method (Gorman, 1985) . After the cells were grown for 60 h in DMEM containing 10% calf serum and serum was starved for 12 h, the cells were lysed and the proteins of the lysates were immunoprecipitated with the anti-HA antibody to measure MAP kinase activity. MAP kinase activity was determined using myelin basic protein as a substrate as described (Wu et al., 1991) . The immunoprecipitates were incubated for 20 min at 308C in 20 ml of reaction mixture (20 mM HEPES/NaOH (pH 7.6), 20 mM MgCl 2 , 20 mM [g-32 P]ATP (speci®c activity 1000 ± 2000 c.p.m./pmol), 10 mM b-glycerophosphate and 0.1 mM sodium orthovanadate) containing 2 mg of myelin basic protein. After the reaction was stopped, the samples were subjected to SDS-polyacrylamide gel electrophoresis followed by autoradiography. The radioactivity incorporated into myelin basic protein was determined using scintillation counting.
